The potential of membrane bioreactor (MBR) systems to remove organic micropollutants was investigated at different scales, operational conditions, and locations. The effluent quality of the MBR system was compared with that of a plant combining conventional activated sludge (CAS) followed by ultrafiltration (UF). The MBR and CAS-UF systems were operated and tested in parallel. An MBR pilot plant in Israel was operated for over a year at a mixed liquor suspended solids (MLSS) range of 2.8-10.6 g/L. The MBR achieved removal rates comparable to those of a CAS-UF plant at the Tel-Aviv wastewater treatment plant (WWTP) for macrolide antibiotics such as roxythromycin, clarithromycin, and erythromycin and slightly higher removal rates than the CAS-UF for sulfonamides. A laboratory scale MBR unit in Berlin -at an MLSS of 6-9 g/L -showed better removal rates for macrolide antibiotics, trimethoprim, and 5-tolyltriazole compared to the CAS process of the Ruhleben sewage treatment plant (STP) in Berlin when both were fed with identical quality raw wastewater. The Berlin CAS exhibited significantly better benzotriazole removal and slightly better sulfamethoxazole and 4-tolyltriazole removal than its MBR counterpart.
INTRODUCTION
Biological wastewater treatment processes can produce effluent with nutrient (e.g., carbon, nitrogen, and phosphorus) concentrations low enough for safe discharge into surface waters. For higher quality end uses, such as discharge into sensitive receiving water bodies and the reuse of treated wastewater in urban, industrial, or agricultural applications, further treatment steps are required. Various oxidation processes can be used for disinfection, including chlorination, UV-radiation, and ozone oxidation. Alternatively, filtration with ultrafiltration (UF) membranes is a possible disinfection step that provides a reliable physical barrier for bacteria, helminths, and, to a smaller extent, even for viruses (Bixio & Wintgens 2006) .
The combination of biological wastewater treatment with UF can either be in the form of a conventional activated sludge (CAS) process followed by UF or by membrane bioreactor (MBR) systems that combine biological treatment with UF membranes in a single unit.
Besides the above-mentioned water quality parameters for treated wastewater, the residual concentrations of organic micropollutants and their fates are of particular interest and must be considered for risk assessment and risk management in irrigation or potable reuse. Currently, there are no regulations for most of the organic micropollutants, including hormones, pharmaceuticals, endocrine disrupting compounds (EDC), and the majority of industrial chemicals, neither in treated wastewater nor in drinking water.
Possible removal mechanisms for CAS-UF and MBR processes are: biodegradation; adsorption to the biomass/ suspended matter/interaction with dissolved substances; retention by the membrane due to adsorption onto particles or adsorption onto the membrane; volatilisation. Previous studies mentioned sludge retention time (SRT) as a key parameter for the removal of micropollutants in CAS treatment and in MBR systems (Clara et al. 2004; Kloepfer et al. 2004; Lesjean et al. 2005; Cirja et al. 2008) . In general, from a review of the literature, it is concluded that a higher SRT enhances the removal of micropollutants (possibly due to biological adaptation by specific microorganisms), but in cases of increased SRT and biomass concentration, the selective adsorption of trace organic compounds may also be favourable. Organic micropollutants, especially uncharged substances with high Log K OW values, are readily adsorbed onto polymeric membranes (Nghiem & Schäfer 2005; Comerton et al. 2007) . However, most of the target compounds adsorption is occurring due to interactions with the biomass (Clara et al. 2004) . Furthermore, the biofilm formed on the membrane surface actually serves as a tight barrier that minimizes transport of organic micro pollutants and their sorption on the membrane. Therefore, the adsorption to the membrane surface as well as the desorption after routine chemical cleanings with hypochlorite, were considered negligible and, hence, were not measured.
Organic micropollutants can become volatilised in the aerated parts of the treatment process. For most target organic micropollutants, volatilisation is unlikely due to their generally low vapor pressures and high polarities [The Henry coefficient of pharmaceuticals is normally o10 À5 , but a much higher value of 43*10 À3 is required to observe the effect of air stripping in a bioreactor (Ternes & Joss 2006) ].
The potentials of both wastewater treatment processes that combine biological wastewater treatment with UF (CAS-UF, MBR) to remove organic micropollutants were investigated in parallel at different operational scales in Israel and Germany. The ambient concentrations of organic micropollutants in the actual municipal wastewaters were measured.
MATERIALS AND METHODS
A total of four plants employing UF membranes were used for the experiments in this study (3 MBRs and one UF after CAS). In addition, two municipal wastewater treatment plants (WWTPs) were sampled for comparison with the CAS process. Operational parameters are given in Table 1 .
System I (Tel-Aviv/Israel)
A large UF pilot plant (45 m 3 /h, 45 L/m 2 h) treating secondary effluent from Tel-Aviv region was operated in this project. The UF system is based on the ZeeWeed-1000 immersed hollow fibre membrane, which comprises 24 membrane modules constituting a total membrane area of 1,000 m 2 . In addition, a much smaller MBR pilot, with a varying flow of 30-40 L/h and flux of 15-20 L/m 2 h, was installed and fed with the same raw sewage after sedimentation and prefiltration of 800 mm. The MBR system is based on the ZeeWeed-500 immersed hollow fibre membrane, with two membrane modules and a total membrane area of 2 m 2 .
System II (Berlin/Germany) An MBR system located at Technische Universitä t (TUB), Germany, was operated with raw sewage (after sedimentation, 1.1 mm filtration) from the Ruhleben sewage treatment plant (STP) in Berlin. The small-scale MBR plant consists of three chambers at different redox conditions with a total operational volume of 1.5 L and a flux of 10 L/m 2 h. A non-woven flat sheet pillow membrane is submerged in the aerobic reactor (A ¼ 100 cm 2 , pore size ¼ 10 mm). The filtration cycle comprises 10 min filtration and 2 min backwash/relaxation.
System III (Aachen/Germany)
A third MBR pilot plant was operated at the Aachen-Eilendorf WWTP in Germany. It was configured to test three submerged capillary hollow fiber modules in parallel. The membrane modules (membrane material: PES; nominal pore size: 0.05 mm; PURON s , Koch Membrane Systems GmbH, Germany) provided each a total membrane area of 1.7 m 2 . Three permeate extraction pumps enabled simultaneous operation of the three modules under different operational conditions. Gross filtration fluxes of 12.4, 15.3, and 38.2 L/m 2 h were applied to investigate the influence of filtration flux on the retention of organic bulk substances and micropollutants. The net flux was kept constant by adjusting filtration and relaxation/backwash times accordingly.
Analytical procedures
In addition to standard tests for nutrients and organic compounds, organic micropollutants were concentrated by solid phase extraction (SPE) and analyzed by liquid chromatography-mass spectrometry (LC-MS) both in Germany and in Israel, according to the protocol described by Asmin et al. (2006) . The measured micropollutants included macrolide antibiotics such as erythromycin (ERY), roxithromycin (ROX), clarithromycin (CLA) as well as sulfonamide antibiotics such as sulfamethoxazole (SMX) and sulfamethazine (SMZ) and also the antibiotic trimethoprim (TMP). The degradation product of erythromycin, anhydroerythromycin (ERY-H 2 O), formed through the analytical procedure with one water molecule less, was analyzed, because erythromycin is unstable under acidic conditions (pHo7). Benzotriazole (BTri), 4-tolyltriazole (4-TT) and 5-tolyltriazole (5-TT) were analyzed according to the method described by Weiss & Reemtsma (2005) . Bisphenol A (BPA) was tested and analyzed by RWTH Aachen University with an adapted liquid chromatography-mass spectrometry (LC/MS) method according to Rodriguez-Mozaz et al. (2004) .
RESULTS AND DISCUSSION
Regarding the CAS-UF process, it can be assumed that most nutrient and organic matter removal occurred during the biological stages of the CAS process, since the UF membrane pore size is 100 times larger than the nutrients and micropollutants molecular sizes (Radjenovic et al. 2007) . The COD and NH 4 removal rates for all three MBR devices were comparable and sometimes even better than their removal in the CAS treatment. Periods of unstable operation conditions in the MBR, resulted in better removal rates for nitrite, nitrate, and phosphorus by the CAS treatment (Table 2) .
Antibiotics removal -CAS, CAS-UF vs. MBR
As can be seen in Table 3 , the antibiotics concentration is typical to western municipal wastewater as mentioned by Gobel et al. (2007) and Le-Minh et al. (2010) in which, the macrolides concentration is in the range of 0.5-3 mg/L. Sulfonamides concentration for SMZ in both systems is close to the limit of quantification (LOQ); SMX concentration exceeds 1 mg/L in both raw waters, and TMP concentration is approximately 1/5 of the SMX concentration (similar to these two compound ratio in prescribed pharmaceutical antibiotic drugs). BPA concentration in system III is 0.2-1.4 mg/L with a mean value of 0.7 mg/L, as was found in other European WWTP by Ternes & Joss (2006) .
In system I, macrolides were removed less efficiently than sulfonamides (SMX, SMZ) and TMP in the MBR (MLSS 3.8-10.4 g/L, SRT 440 days) (Figure 1 ). CLA and ROX were removed slightly better by the CAS and CAS -UF process than by the MBR. The differences in sulfonamide removal [Gobel et al. (2007) and Le-Minh et al. (2010) reported of 5-10% sulfonamides sorption to biomass in CAS and MBR treatments]. The transient conditions in the MBR, during the MLSS increase from 3.8 to 10.4 g/L, may have reduced the adsorption potential, resulted in a slightly better CAS removal (5-6%) for CLA and ROX relatively to the MBR. The increase in MLSS concentration in the MBR system improved the removal of sulfonamides by 30% and that of macrolides by only up to 5%. The relatively minor improvement observed for macrolides removal requires further investigation. Adding UF treatment after CAS increased micropollutants removal by 5-28%, which may be due to their adsorption to the cake layer, to the membrane surface, and to the sludge organic residual. Dissolved organic carbon (DOC) characterization -CAS vs. MBR (system II)
In addition to single compound analysis, the total organic content of the effluent of system II was compared to that of the Ruhleben STP in Berlin. The organic carbon (OC) chromatograms from size exclusion chromatography of raw sewage (DOC ¼ 53.7 mg/L), Ruhleben effluent (12.5 mg/L) and MBR effluent (10.9 mg/L) facilitated additional insights into bulk organic matter removal (Figure 2) . In the analysis of the effluents, high concentration peaks were detected for biopolymer compounds in the range of 40-55 min, for humic substances at 55-75 min, and for low molecular weight acids at times 475 min. Biological treatment removes large amounts of the biopolymer compounds present in sewage, but smaller molecules are also bioavailable. The OC fingerprints of both effluents (lab-scale system vs. Ruhleben STP) were markedly similar. For biopolymers and humic substances, slightly smaller values were observed for the lab-scale MBR effluent, an outcome likely due to higher operation temperature, thus resulting in higher biodegradation rates. The exclusion of large organic compounds typical with ultrafiltration membranes (Zheng et al. 2009 ) cannot be expected for the MBR membrane, as the pore size of its non-woven textile membrane (~10 mm) is too large to reject these molecules. Nevertheless, the formation of a dynamic membrane layer on the textile surfaces may provide additional removal potential for organic molecules.
Single compound removal -CAS vs. MBR (system II)
In system II, for most of the compounds investigated (especially antibiotics, with the exception of SMX), the lab-scale MBR system performed better than the CAS process (Figure 3 ). The MBR system removed TMP at a markedly higher rate than the CAS process (90% vs. 0%). Based on 12 parallel sampling campaigns, it was concluded that under the given operation conditions, the lab-scale MBR showed better overall macrolides removal; the removal rates for SMX and 4-TT were low and close to each other in both systems, while the CAS process at the Ruhleben STP in Berlin showed a significant advantage only for BTri removal. The different antibiotics removal rates observed between systems I and II can be explained by differences in pilot size, sewage composition, operation condition, pH, and temperature.
BPA and bulk organic removal -Influence of flux/ fouling (system III)
As a control parameter in membrane filtration, flux can affect permeate quantity and quality and membrane fouling rate. Additional data regarding the influence of flux on the removal of micropollutants may contribute to controlling the effluent quality. The increased flux obtained by raising the transmembrane pressure is expected to intensify the fouling rate on the membrane surface (for the same filtration regime) due to higher colloid loadings on the membrane surface (critical flux phenomena) and to the overall increase in the concentration of particles inside the membrane tank. Because the micropollutants are significantly smaller than membrane pore size, they should not be blocked, thus resulting in an increase of their concentration in the permeate with the increase in flux (Weber et al. 2004 ). Experiments in system III (MBR) showed different results since BPA removal for a relatively low fouling rate was 44%, but was not affected in a constant trend once the fouling rate was increased (lower retention of 33% and higher retention of 56% at three to five fold higher fouling rates, respectively). As all three membrane modules were submerged in one membrane tank and were filtering the same activated sludge, no variations in BPA feed concentration occurred during this experiment.
In the same experiment, bulk organic matter removal by membrane filtration was characterized by means of liquid chromatography-organic carbon detection (LC-OCD). The diagrams for samples of permeate simultaneously taken from all three membrane modules and a sample of activated sludge supernatant are displayed in Figure 4 . The UF membrane was responsible for a nearly complete retention of biopolymer compounds (40-50 min). Retention of low molecular weight acids (475 min) was also observed. The membrane retention of humic substances and low molecular weight acids between the 55-and 90-min retention times was little influenced by molecular weight (retention time) and varied from 30 to 40%. A membrane retention below the molecular weight cut-off (MWCO) of the membrane can be explained by the formation of a dynamic membrane layer as mentioned above. Different membrane fouling rates did not have an observable effect on the membranes retention rate for organics, as all three diagrams are more or less congruent due to the accuracy of the applied method.
As displayed in Figure 5 , in most samples, BPA concentrations in the permeate were lower than in the supernatant, indicating that BPA interacted with the membrane and/or the fouling layer. It is known from the literature that BPA adsorbs to the membrane (Bing-zhi et al. 2008; Salehi 2008) . In light of the weak correlation between BPA removal and fouling rate mentioned above, it appears that the cake layer conditions influenced the removal of BPA. Similar results regarding the unclear effect of flux on the removal of antibiotics were obtained in system I, both in the MBR and in the CAS-UF systems, indicating that flux cannot serve as a control parameter for the removal of micropollutants. Furthermore, it can be concluded that MBR fouling played only a minor role in the removal of organic micropollutants, while other factors, such as SRT, HRT, and the properties of the micropollutants, were responsible for the observed differences in all three systems.
CONCLUSIONS
Three MBR pilot plants were operated for over a year in three different locations: Tel Aviv (Israel) and Berlin and Aachen (Germany). These plants differed in size and in operational conditions and were tested for micropollutant removal in parallel with the CAS process and/or the CAS-UF pilot. After reaching stable operation conditions, all three MBR devices achieved similar and sometimes even better removal rates of bulk organics and nitrogen compounds in comparison to the CAS systems. The conclusions generated by this series of experiments are summarized below:
System I:
The MBR showed significantly higher sulfonamide and TMP removal rates due to long SRTs and high MLSS concentrations, which might enable the enrichment of slowly growing bacteria and consequently, the establishment of more diverse biodegradation capabilities. The high MLSS concentration increased the biodegradation and adsorption capabilities and therefore improved sulfonamide removal by 30%. The advantage conferred by high SRT and MLSS concentration upon removal rates was less significant for the removal of macrolides, and in some cases, the CAS and CAS-UF systems were even more efficient than the MBR setup.
Incorporating UF filtration after CAS increased the removal of antibiotics by 5-28%, an outcome that is probably due more to their adsorption to particulate materials and the UF membrane surface rather than to their biodegradation.
System II:
DOC characterisation by LC-OCD confirmed that the effluents of both the MBR and CAS systems were markedly similar. The MBR system showed a slightly higher biopolymer removal rate. For all investigated macrolides and trimethoprim, the labscale MBR system achieved higher removal rates (Z20%) than the CAS system. Both systems removed about 10-15% of SMX and 4-TT, while benzotriazole (BTri) was removed better in the CAS system (45 vs. 15% for MBR).
System III:
BPA concentrations in the permeate were lower than in the supernatant, suggesting that BPA interacted with the sludge organic residual and with the membrane and/or the fouling layer. Membrane adsorption is believed to be the main BPA retention mechanism in ultrafiltration. Changes to flux and fouling rates in the MBR system had varying effects on the efficiency of micropollutant removal; no clear correlation could be tracked.
